Key Points: 15
Introduction 41
Drought has affected most regions of the globe in the early 21 st st -century drought had significant impacts, 49 including significant reduction in agricultural production, reduced water availability for 50 industrial and consumptive use, and increased forest die-back and bushfires [Semple et 51 al., 2010] . Climate model studies show that variability in rainfall is likely to increase 52 under future climate scenarios [Wetherald & Manabe, 2002] , and the potential for more 53 droughts and greater severity is increasing [Wang, 2005] . produced at ideal quality for all bands; (2) highest quality for band 1-7; (3) atmospheric 174 correction performed; (4) adjacency correction performed; (5) MOD35 cloud flag 175 indicated "clear"; (6) no cloud-shadow was detected; and (7) low or average aerosol 176 quantities. After filtering out the low-quality observations, the gaps were filled by 177 linearly interpolation using temporally adjacent observations. 178
The Vegetation Indices are widely used as a proxy of canopy greenness and productivity, 179
an integrative composite property of green leaf area, structure and leaf chlorophyll 180 content [Myneni & Williams, 1994] 
Rainfall and temperature datasets 198
We used monthly gridded rain gauge and temperature datasets provided by the National 199
Climate Centre, Australian Bureau of Meteorology. This meteorology dataset is derived 200 from several thousand ground-station measurements across Australia and the accuracy of 201 these datasets has been assessed through a cross-validation procedure [Jones et al., 2009] . 202
The temperature dataset includes daily maximum temperature (T max , °C) and daily 203 minimum temperature (T min , °C). 204
Standardized Precipitation-Evapotranspiration drought Index 205
We used the global gridded monthly Standardized Precipitation and Evapotranspiration 206 Index (SPEI) provided by digital CSIC (Institutional Repository of the Spanish National 207
Research Council) to characterize drought severity [Vicente-Serrano et al., 2010] . SPEI is 208
a multi-scalar drought index which takes into account both precipitation and temperature 209 to determine drought severity [Vicente-Serrano et al., 2011] . SPEI reflects the cumulative 210 effect of the imbalance between atmospheric supply (precipitation) and demand (potential 211 evapotranspiration). We used SPEI calculated at 3-month time scale considering that 212 shorter time scales are mainly related to soil water content important for plant growth 213
[Vicente- Serrano et al., 2010] . Positive SPEI indicates water-balance greater than 214 historical median, and negative SPEI indicates water-balance less than historical median. 215
Because the SPEI is standardized, wetter and drier climates can be represented in the 216 same way. The original 0.5° data were resampled to 0.05° for analysis with MODIS. 217
Land Cover Map 218
We used the National Dynamic Land Cover Dataset from Geoscience Australia and 219 
Bureau

Aridity Index
To understand the dependency of vegetation response to climatic extremes on the degree 229 of dryness/wetness of the climate at any given location, we calculated the aridity index 230 (AI) for SE Australia using the 14-year BoM meteorological dataset from 2000 to 2013. 231
We used AI instead of mean annual precipitation because AI can better reflect the annual 232 balance between water supply (precipitation) and water demand (potential 233 evapotranspiration) [Olivier, 2005] . The AI was calculated as, 234
where P is annual precipitation (mm); PET is annual potential evapotranspiration (mm), 236 computed using BoM gridded temperature dataset based on the Thornthwaite equation 237 [Thornthwaite, 1948] . Classification of AI was according to UNEP [1992] , which defines 238 "hyper-arid" as AI < 0.03; "arid" as 0.03< AI < 0.2; "semi-arid" as 0.2 < AI < 0.5; "semi-239
humid" as 0.5 < AI < 0.65; and "humid" as AI > 0.65. 240
Extraction of phenological metrics 241
Four phenological metrics, including the start of growing season (SGS), peak of growing 242 season (PGS), end of growing season (EGS), and length of growing season (LGS), were 243 extracted from the time series of MODIS EVI using an algorithm based on Singular 244
Spectrum Analysis (SSA-Pheno) [Ma et al., 2013] (Fig. 2) . The SSA-Pheno algorithm 245 has been described and tested over northern Australia across a wide-range of vegetation 246 structural classes and rainfall regimes and showed robustness and reliability in extracting 247 AI = P PET phenological metrics over highly variable, rainfall-driven ecosystems [Ma et al., 2013] . 248
In this study, SGS was defined as when EVI values equal the minimum value prior to the 249 growing season plus 10% of seasonal amplitude during the green-up phase (Fig. 2) . 250
Similarly, EGS was defined as when EVI reaches the value equal to the minimum value 251 after growing season plus 10% of amplitude during the brown-down phase (Fig. 2) . PGS 252 is defined as the date when EVI reach maximum value during the growing season (Fig.  253 2). Finally, LGS was calculated as the difference between EGS and SGS (Fig. 2) . 254
Statistics 255
We calculated standardized anomalies of EVI and iEVI to assess the magnitude of the 256 anomalies in EVI and iEVI, as response to seasonal and inter-annual variations in 257 hydroclimatic conditions across space. Standardized anomalies were calculated by 258 dividing anomalies by the climatological standard deviation: 259
where x sd can be EVI sd or iEVI sd , which is the standardized anomaly of EVI or iEVI, x is 261 EVI or iEVI at any given date or year, µ and σ are mean and standard deviation of EVI or 262 iEVI over 2000-2013 time period, respectively. 263
We also calculated a hydroclimatic vegetation sensitivity measure, defined as the change 264 in annual vegetation productivity (iEVI) per unit change in annual average SPEI for any 265
given pixel/site. This is equivalent to the slope of the linear regression between iEVI and 266
Ecosystem Functional Response to Drought 14 SPEI. Before computing the sensitivity, both iEVI and SPEI were linearly detrended to 267 avoid spurious correlations resulting from trends. In this analysis, data processing, 268 statistical analysis and visualization were performed in R scientific computation 269 environment (version 3.1.2, R Core Team, 2014) and associated packages contributed by 270 user community (http://cran.r-project.org).
Results 272
Characteristics of the early 21 st -century climatic variations in southeastern 273
Australia 274
The early 21 st -century warm and dry periods spanning SE Australia were characterized 275 by below average precipitation and anomalously higher temperature, representing 276 significantly altered hydroclimatic conditions (Fig. 3a) . Significant warming trend (p < 277 0.05) was identified from 1950 to 2013 (Fig. 3a) . Annual precipitation was below the 278 long-term average during the entire 2001-2008 time period (Fig. 3a) . Although the trend 279 in annual precipitation for SE Australia from 1950 to 2014 was not significant (p = 0.11), 280 the reduction in annual precipitation in the study period was significantly lower than 281 long-term average (Fig. 3a) . 282
The SPEI drought index revealed that SE Australia experienced intensified drought and 283 wet cycles in the early 21 st -century, with 2002 and 2006 among two of the three worst 284 droughts since 1950 (Fig. 3b) . This warm-dry period was broken, dramatically, by an 285 extreme La Niña event in 2010 with regional average annual precipitation surpassing the 286 long-term average by nearly 250 mm (Fig. 3b) . Although 2002 was not the driest year in 287 terms of annual precipitation within 1950-2013 (Fig. 3a) , both T max and T min exceeded the 288 long-term average by more than 1°C (Fig. 3a) . The substantially higher temperature, 289 which enhanced atmospheric evaporative demand, coupled with below average 290 precipitation in 2002 was unique, and resulted in a strong region-wide drought 291 throughout the entire SE Australia (Fig. 3b) .
Spatial patterns in drought frequency and severity are shown in Figure 3c ,d, by the 293 number of drought month (SPEI < -0.5) and average SPEI during these drought months. 294
Various 'hot-spots', affected by drought more than other areas during the early 21 st -295 century, were identified, including almost all of southern Victoria and southwestern New 296 South Wales (Fig. 3c) . Some of these regions experienced drought conditions of more 297 than 80 months in total, within the 2000-2013 period (168 months), or approximately half 298 of the study period in the early 21 st -century (Fig. 3c) . 299
Hydroclimatic impacts on seasonality of vegetation growth 300
Site-level analysis revealed that drought and wet cycles had considerable impacts on 301 vegetation activity and patterns of vegetation response to hydroclimatic variations ( where standardized anomaly of EVI remained negative for more than one year (Fig. 4) . 306
The wetter-than-average period of 2010-11 resulted in a pulse in vegetation productivity 307 at varied magnitude among sites, with Acacia shrubland site exhibiting the largest 308 increase in EVI (Fig. 4) . Among the six sites, wet sclerophyll forest, mallee woodland, 309 and pasture sites were relatively less affected by the 2002-03 drought, although adverse 310 effects of drought on vegetation activity were still observable, particularly at the pasture 311 site (Fig. 4d -f) . 312
Hydroclimatic variations not only affect vegetation activity, but also altered vegetationphenology, as indicated by the change in shape and magnitude of seasonal EVI profiles 314 (right panels of Fig. 4 ). For instance, the expected phenological cycles either did not 315 occur or were significantly depressed in magnitude in 2002-03 at Acacia shrubland, 316 hummock grassland, and wheat cropland sites (right panels of Fig. 4) . Consequently, the 317 length of growing season at these sites can range from more than 6 months in normal or 318 wet years, to 0 day (i.e., no growing season) during severe drought periods. 319
Biogeographic patterns in vegetation phenology and productivity across drought 320 and wet cycles 321
Region-wide maps were generated to assess spatial patterns and temporal variations in with SPEI shifting from -1.5 to +1.5 (Figure 5a,b) . The impact of climate extremes on 328 biogeographic patterns of vegetation phenology and productivity was dramatic (Fig. 5c-329 f). Within the areas that phenology was detectable during both 2002 and 2010, there were 330 increasing trends in LGS over 70% of the area in the wet year (Fig. 5d) . Hydroclimatic 331 impact on vegetation productivity is shown on Figure 5e -f. Drought resulted in reduced 332 vegetation productivity across 90% of SE Australia in 2002, of which 56% areas showed 333 a negative anomaly in iEVI larger than one standard deviation (Fig. 5e) . By contrast, thelarge-scale rainfall pulse in 2010 resulted in a positive anomaly of vegetation productivity 335 over 90% areas of the study area, of which 53% showed a positive anomaly larger than 336 one standard deviation (Fig. 5f ). Region-wide averaged productivity was reduced by 21% 337 in the 2002 drought year relative to the mean of 2000-2013, and was increased by 20% in 338 the 2010 wet year (Fig. 5e,f) . 339
The most noticeable and unique pattern of the impact of drought on phenology is the 340 For pixels in which phenology was detectable during both wet and drought years, there 349 was generally advancing trend in SGS in the wet year (ΔSGS = -25.84±44.82 days), and 350 a slight delaying trend was observed during the drought year (ΔSGS = 9.73±37.86 days) 351 (Fig. 7c, d) . The drought year was associated with an advancing trend in PGS (ΔPGS = -352 19.05±37.65 days) (Fig. 7c,d ), although the shift in PGS was relatively small as 353 compared to shifts in SGS between drought and wet years (Fig. 7c, 
d). The trend in EGS 354
was also subtle, with a slightly delaying trend was detected in wet year (ΔEGS = 355 3.98±44.59 days) and advancing trend in dry year (ΔEGS =11.60±32.79 days) (Fig. 7g,h ). Although drought resulted in only subtle change in LGS (ΔLGS = -1.87±45.88 days), 357 the net effect of shifts in SGS and EGS in wet year resulted in an overall extension of 358
LGS (ΔLGS = 29.81±66.41 days) (Fig. 7i, j) . 359
Variations in ecosystem sensitivity to hydroclimatic variations among land cover 360 types and across a climate gradient 361
The above analyses revealed differential responses of ecosystem to drought and wet 362 extremes across space and among land cover types. To further explore the dependency of 363 ecosystem-level sensitivity on biotic and abiotic factors, variations in hydroclimatic 364 sensitivity were extracted for 100 samples from northwestern to southeastern SE 365 Australia (Fig. 8a) . The hydroclimatic sensitivity for each pixel was defined as the 366 change in annual vegetation productivity (iEVI) per unit change in SPEI, which is 367 equivalent to the slope of the linear regression model between iEVI and SPEI, using 14 368 years of data from 2000 to 2013. 369
It is apparent that changes in hydroclimatic sensitivity were dependent on land cover 370 types, increasing dramatically from the northwestern dry interior (where the vegetation 371 was classified as hummock grassland and shrublands), to open woodland (Fig. 8) . 372 Sensitivity peaked in cropland and pastures between 34°S and 36°S, and then declined 373 again in coastal humid woodlands and forests located at the southeast end of SE Australia 374 (Fig. 8b) . 375
To further explore the dependency of hydroclimatic sensitivity on the degree ofwetness/dryness of climate at any given location, pixel values were averaged by bin of 377 aridity index (every 0.1 increment) over the entire SE Australia (Fig. 9) . A notable 378 unimodal distribution was observed, with hydroclimatic sensitivity peaking within semi-379 arid region (0.2 < AI < 0.5) (Fig. 9) . The pattern of highest sensitivity over semi-arid 380 region remained consistent after excluding pixels from managed agricultural ecosystems 381 (cropland and pasture) (inset panel on Fig. 9 ). Hydroclimatic sensitivity decreased three 382 times more rapidly from its maximum value at semi-arid region to the arid region, 383 relative to the rate of decline of toward the humid region, reflecting the different rates of 384 shift in productivity sensitivity to hydroclimatic variations of semi-arid ecosystems under 385 wetting or drying trends (Fig. 9 ).
Discussion 387
Abrupt shifts in phenology and changes in productivity under climatic extremes 388
We found dramatic impacts of drought and wet extremes on phenology and vegetation 389 productivity. In contrast to mid-and high-latitude biomes in the Northern Hemisphere 390 that generally have recurrent phenological cycles, driven predominantly by temperature 391 variation, the high inter-annual variations in vegetation phenology and productivity at our 392 study area not only highlighted the extreme climatic variability in Australia, but also 393 revealed a high phenological and functional plasticity of Australia's ecosystems. For 394 instance, vegetation growth can be nearly completely dormant during the extreme 395 drought period, yet still maintain capability to be highly productive when favorable 396 periods arrive. These abilities are essential for them to survive and thrive in such a dry 397 and variable climate. It would be of interest in future studies to assess the limit of 398 phenological and functional plasticity of dryland ecosystems in Australia and other global 399 regions to understand the capacity of these ecosystems to adapt fast enough to survive 400 under the impacts of more frequent and severe drought events. 401
Our results revealed the fact that phenological and functional responses of ecosystems to 402 inter-annual variations in climate were abrupt rather than gradual. We hereby suggest that 403 the speed and direction of long-term gradual shifts in ecosystem function and structure 404 induced by global climate change effects (e.g., warming and elevated atmospheric CO 2 ) 405 could be suddenly curtailed, or even reversed, by short-term extreme climatic events. For 406
example, a recent study shows that only a few extreme anomalies explain most of theglobal inter-annual variation in vegetation productivity [Zscheischler et al., 2014] 
A skewed distribution of hydroclimatic sensitivity across aridity gradient 448
The skewed distribution of hydroclimatic sensitivity along the aridity gradient, i.e., rapiddecline in sensitivity from the maximum sensitivity in semi-arid region towards 450 minimum sensitivity in arid region is very intriguing and important (Fig. 9) . This implies 451 that shifts of the climate in semi-arid regions to drier conditions will lead to rapid decay 452 of sensitivity of productivity to hydroclimatic variations in these ecosystems. 
